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SECTION 1 
INTRODUCTION 
In the early seventies, several geosynchronous satellites 
began experiencing a series of electronic switching azomalies. 1 
These events occurred predominantly in the local midnight-to-dawn 
quadrant of the orbit. The anomalies were generally in the 
nuisance category, not detrimental to satellite performance and 
were usually corrected, catalogued, and forgotten. However, the 
occurrence of a complete power failure of a synchronous satellite 
in June 1973 indicated a problem of major proportions. The 
failure could have been caused by an encounter with a severe 
geomagnetic substorm.' 
at various times, as evidenced by both ground observations and 
ATS-5 flight data.*-' The ATS-5 data, supported by more recent 
ATS-6 data,5*6 have shown that plasma clouds of relatively high 
energies (1 to 50 keV) were injected into geosynchronous regions 
at local midnight. Satellites encountering these clouds could 
These substorms have been known to occur 
have had their surfaces charged to significant negative voltages. 4 
If a voltage threshold were exceeded, then discharges could occur 
and the resultant transient could couple into the low-level 
command logic systems being used and be interpreted as a command - 
triggering the anomaly. 
The realization that the geosynchronous environment could 
cause surface charging and induce satellite electronic system 
anomalies resulted in the establishment of a cooperative AF/NASA 
Spacecraft Charging Technology Investigation.7 The goal of this 
investigation is to establish design criteria to control 
detrimental effects that result from surface charging by the 
geosynchronous environment. The approach used to evaluate these 
charging phenomena was to establish a computer code capable of 
predicting surface charging on a variety of sample configurations 
in both ground simulation facilities and space environments. This 
code, called the NASA Charging Analyzer Program, or NASCAP,8J9 
1 
would be validated against ground test results and the Spacecraft 
Charging At The High Altitudes (SCATHA) satellite flight data.1° 
Based on this validation, the code was to be used as the means of 
evaluating designs of the more complex satellites planned for 
future missions. 
Since the NASCAP code validation depended on limited ground 
test results and one set of satellite data, and the code is to be 
used as the principal means of extrapolating surface charging 
effects on future spacecraft, it is vital to demonstrate that the 
code could predict accurate results under all possible conditions. 
Ground tests on samples ranging from single dielectrics to complex 
objects with many materials have been conducted to provide a data 
Total- and secondary-yield measurements of dielectrics 
have been made13 and a detailed evaluation of SCATHA data was 
undertaken.10114 All these results were compared to NASCAP 
predictions to validate the physics of the code and verify its 
predictive capabilities. The agreement was excellent. 
As part of this validation and verification procedure, a 
contractual program was initiated at Hughes Research Laboratories 
(HRL) to test Kapton polyimide samples under various conditions 
and to compare the results to NASCAP predictions. The available 
capabilities of the HRL facilities were to be used for comparisons 
under conditions not available elsewhere. Kapton was chosen as 
the test material since it is used on large areas of most 
spacecraft. The iterative procedure envisioned for obtaining the 
best estimate of the material properties is illustrated in 
Figure 1 .  6 
The experiment plan called for testing under irradiation by 
monoenergetic electrons (with particle energies in the range of 
1 to 14 keV) or ions (with particle energies between 5 and 
10 keV), either in vacuum-ultraviolet illumination or dark 
conditions, and at various incident current densities. The sample 
was to be exposed to normally incident beams and beams at various 
non-normal angles of incidence. The data output would be the 
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Figure 1. Procedure for calculating material-property values. 
3 
leakage current and surface voltage profile as functions of 
charging time. The analysis would start with the simplified one- 
dimensional model in NASCAP (the Materials Charging or Matching 
routine) for a preliminary comparison between prediction and 
experiment. Properties used by the code would be adjusted as 
required to improve the comparison. Then the full NASCAP code 
would be used for the final comparison and adjustment of material 
properties as required. Since NASCAP would predict electric 
fields in space as a function of given sample charging conditions, 
the influence of chamber size on charging characteristics could 
also be evaluated. 
Unfortunately, the complete program of testing and comparisons 
was not completed due to unanticipated difficulties. Only the 
experiments with normal-incidence electrons and with the sample in 
the dark were completed. The work that was accomplished is 
detailed in Section 2 ,  Experimental Investigation, and in 
Section 3, Analytical Investigation. A discussion of the results 
and recommendations for  future work is given in Section 4 .  
* 
4 
SECTION 2 
EXPERIMENTAL INVESTIGATION 
2.1 FACILITY DESCRIPTION 
2.1.1 Overview 
The tests for this investigation were conducted in the HRL 
spacecraft charging simulation facility shown schematically in 
Figure 2. This facility consists of a main vacuum chamber and a 
smaller test-section chamber. I s  The main chamber (0.61-m 
diameter by 1.87-m long) is oil-diffusion pumped and is capable 
of maintaining a pressure between and Pa (lod6 to 
Torr). The environmental simulation devices - electron 
flood gun, ion gun, and W source - are located in this chamber. 
Because of chamber constraints at the time this study was done, 
only the electron gun or the ion gun could be installed at any 
one time. 
The sample being evaluated is located in the smaller 
antechamber (0.29-m in diameter by 0.4-m long). This chamber can 
be isolated from the main chamber with a gate valve. The details 
of this chamber are shown in Figure 3 .  
2.1.2 Environment Simulation Devices 
The electron and ion sources that we employed in this program 
are simple devices employing dc electrostatic acceleration of 
electrons emitted from a hot thermionic cathode, and ions formed 
in a Penning discharge, respectively. Both particle sources are 
based on proven designs, and they have afforded reliable 
performance for this program. The electron source design is 
essentially identical to a NASA-LeRC-developed source used 
extensively in testing. The ion source is a modification of the 
design used in the Hughes-developed Satellite Positive Ion Beam 
Source (SPIBS) experiment flown successfully on the SCATHA 
satellite. 
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2.1.2.1 Electron Flood Gun 
Description 
The electron source is illustrated schematically in Figure 4 .  
It consists of a filamentary cathode which is located at the 
center of curvature of three wire-mesh grids which serve as the 
extraction electrodes. The first two grids (nos. 1 and 2, 
nearest the filament) are connected together and biased slightly 
pcsitive with respect to the filament. These grids serve to 
extract electrons from the filament with a small (100-V) 
potential difference. The large potential difference that is 
associated with the beam energy is maintained between the second 
and third grids. The filament/first-grid region is shielded from 
this large electric field by the large equipotential space that 
is present between the second and third grids. Electrons that 
emerge from the second grid are accelerated to final energy in 
the gap formed by grid Nos. 2 and 3. This gap has the shape of a 
section of a spherical shell. Because the rapid divergence of 
the beam produces a scale length that is many times that of the 
optics, the beam possesses a high degree of spatial uniformity. 
Another feature of this electron-source design is that the 
filament is housed in a cylindrical cathode tube that is fitted 
with an annular end cap. The presence of this end cap has two 
beneficial results. First, electrons emitted from the filament 
must pass through a well-defined restrictive aperture before 
receiving much acceleration, so that the current-density 
distribution is largely independent of filament geometry. 
Second, the end cap prevents light from the filament from 
directly reaching the sample. This is an important electron- 
source characteristic when photosensitive materials, such as 
Kapton, are being tested. 
Calibration 
a 
Electron beam current density profiles were recorded for each 
specified beam voltage using a grounded copper calibration 
sample. The beam current density as a function of the transverse 
8 
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9 
coordinate (x-axis) at the center of this grounded calibration 
plate was obtained with a Faraday cup located 90 mm in front of 
the sample. The grounded sample provided a uniform potential 
surface that would not cause the beam to diverge. The Faraday 
cup collector was biased to +45 V to suppress secondaries. 
Typical results of these measurements are shown in Figures 5 and 
6. A s  can be seen from these measurements, the beam is fairly 
uniform in the range of accelerating potentials between 4 and 
10 kV. Outside this range of values there is a slight skewness. 
Figure 7 shows the current density profiles for various beam 
voltages with the Kapton target in place. A definite "hot spot" 
existed in the 4-kV beam voltage case. Otherwise, the 
characteristics are similar to those obtained in the grounded 
sample tests. 
The calibration curves tend to be reproducible during a given 
day and do change with filament age. The "hot spot" noted above 
disappeared when filaments were changed. 
An attempt was made to increase beam uniformity and alignment 
with the sample center by means of electrostatic deflection 
plates. This was unsuccessful because beam focusing and beam 
pointing could not be controlled independently. Magnetic 
deflection would probably be more successful. 
2.1.2.2 Proton Flood Gun 
Description 
The ion source is shown schematically in Figure 8. It 
consists of a small Penning discharge chamber with a filamentary 
cathode and an anode guarded by the magnetic field that is 
produced by several axial permanent magnets and iron pole pieces 
at each end of the discharge chamber. Hydrogen gas (or other 
gases, as desired) is admitted through the upstream endplate of 
the source and ionized in the discharge. Ions are extracted 
through a single, small aperture located centrally on the 
downstream discharge-chamber endplate. The three-grid extraction 
10 
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system is designed to produce a large degree of divergence in the 
ion beam. The furthest upstream grid (the discharge-chamber 
endplate) is maintained at the full beam voltage (up to 15 kV), 
the second grid is negative with respect to ground, and the third 
grid is grounded. Gas being supplied to the discharge chamber 
passes through a long glass tube filled with ceramic beads and 
wire-mesh spacers. This high-voltage isolating structure, which 
ensures that the hydrogen gas does not undergo Paschen breakdown, 
presently limits the available beam energy to 15 keV; this limit 
could easily be raised by increasing the isolator length. 
This ion source is essentially the same as that used on the 
SPIBS experiment, which w a s  used to study spacecraft-charging 
phenomena by ejecting a positive xenon-ion beam. The SPIBS beam 
could be ejected either with or without space-charge 
neutralization from a filamentary electron emitter that was 
located just downstream of the third grid. We modified this ion 
source for the present application by replacing the ion-beam- 
extraction system with a single-aperture, divergent-beam type, 
replacing the hollow cathode with a filamentary thermionic 
cathode, and adding a longer isolator consistent with the higher 
voltages required. 
Calibration 
The proton source was operated in a large glass-cross vacuum 
system to determine its characteristics. It was found that the 
beam exhibited a divergence angle of approximately 30 degrees. 
The proton current density was measured at a LO-cm distance. 
Extrapolation of these data to the 2-m separation in the * 
environmental simulation facility indicated that proton current 
densities between 0.0 and 200 pA/cm2 would be available. 
source operated stably and reproducibly over the beam energy 
range of 0.0 to 15 keV, and its operation produced only a minimal 
gas loading on the vacuum facility. 
The 
15 
2.1.2.3 Ultraviolet Source 
Description 
The ultraviolet source used in this facility is a krypton 
source manufactured by Quantatec (Model 398). It is mounted off- 
axis and uses a magnesium-fluoride mirror to reflect the beam 
onto the sample (the mirror is not shown in Figure 2 ) .  
Calibration 
This system was calibrated in the chamber to ensure that the 
sample would receive the equivalent of one sun ultraviolet 
irradiation. 
2.1.3 Test Samples 
Standard 127-pm (5-mil) thick aluminumixed Kapton material 
was used for the test surfaces. A square area of Kapton, 141 mm 
on a side ( to ta l  area of 0.02 m2), was exposed t o  t h e  beam. 
The Kapton was mounted with the aluminum surface against the 
metal mounting plate. The edges of the aluminumized Kapton were 
wrapped around the ends of the mounting plate and clamped in 
position with an aluminum support plate (see Figure 3). No 
adhesives were used. The clamping plate was mounted to a 
vertical shaft through an alumina insulator. A grounded 
stainless steel shield was used to prevent scattered-electron 
collection on the back of the sample. The whole assembly could 
be rotated to vary the angle of incidence between the beam and 
the sample surface. 
2.1.4 Instrumentation 
2.1.4.1 Surface Voltage Measurements 
Sample surface voltage measurements were made without 
interrupting the beam charging. A noncontacting electrostatic 
probe head was swept across the face of the sample in -30 to 
40 s .  The probe head (TREK Model 40523) has a sensing aperture 
1 . 3  mm (0.05 in.) in diameter and is maintained -6.4 mm 
16 
(0.25 in.) from the sample front surface. The track of the probe 
across the sample is shown in Figure 9 (as seen from the electron 
gun). When the probe is not sweeping, it rests out of the beam 
over a grounded metal plate. The probe head is mated to a TREK 
Model 340 HV electrostatic voltmeter. The output of this 
voltmeter, together with a probe position indicator, were 
recorded on an Omnigraphics X-Y plotter. 
As a check on whether the concurrent operation of the 
electron beam affected the accuracy of the surface potential 
data, TREK-probe measurements were performed with the beam 
uninterrupted and also with the beam temporarily shut off (during 
the time required to perform a sweep). No difference was 
observed in the recorded measurements except f o r  the slight 
integrated loss  in charging while the beam was off. 
2.1.4.2 Current Measurements 
Several current measurements were made in these tests: 
0 Beam current density measurements. This measurement is 
made with the Faraday cup described in Section 2.1. It 
can be moved in front of the sample as it is charged to 
sample beam uniformity and beam spreading. The track of 
this probe across the sample face is shown in Figure 9. 
0 Sample leakage current. This is the primary 
experimental measurement and is obtained from an 
electrical connection to the sample mounting plate. The 
reading is a combination of bulk and surface leakage 
currents and a displacement current, which exists while 
the sample is being charged. 
0 Wall current. An electrically isolated copper baffle in 
the sample test section is used to obtain this reading, 
which is used as an indication of beam spreading. 
0 Witness current. This reading is obtained using a fixed 
Faraday cup mounted off-axis in the main chamber. The 
purpose of-this reading is to monitor the beam 
characteristics during the test. 
All current readings were taken with digital picoammeters 
(Keithley Model 480) .  
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2.1.4.3 Data Recording 
Data recording was accomplished with the aid of an Apple I1 
microcomputer. A real-time clock installed in the computer was 
used to provide timing data. At set intervals of time (usually 
0.01 h) the computer read and recorded all currents and the time. 
When the TREK probe sweeps were initiated, the computer noted it 
on the data printout. Since the computer allowed comments to be 
inserted on the printout, a comprehensive record of the tests and 
comments was obtained from the computer output and the X-Y plots 
of surface voltages. 
2.2 EXPERIMENTAL PROGRAM 
2.2.1 Test Procedure 
The procedure given here is for electron-irradiation tests at 
normal incidence. 
The purpose of the tests was to measure leakage currents and 
surface potential profiles as a function of time at a given set 
of beam voltages and currents. All measurements were made in the 
dark and care was taken to prevent light exposure between 
measurements as well as for a period over 24 h prior to the first 
measurement to prevent the photoconductivity effect in Kapton 
from dominating the results. 
The following test procedure was used: 
0 For a test on an uncharged sample, the Faraday cup was 
positioned at the sample center, the beam energy preset 
to the desired value, the gun turned on, and the' 
filament current adjusted to obtain the desired current 
density. After achieving the desired density, the 
Faraday cup was retracted. The time to set the desired 
electron gun characteristics was minimized by using 
calibration settings to avoid nonrepresentative charging 
effects caused by improper gun settings and the presence 
of the Faraday cup. 
0 The sample leakage current, wall current, and witness 
current were recorded every 0.01 h (36 s) using the 
real-time clock in the computer data acquisition system. 
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The surface-voltage probe was swept across the sample 
periodically (manual commands). The profile was recorded 
on the X-Y plotter and the time was noted on the trace 
and the computer record. The voltage measurements were 
timed to occur between successive current readings. 
0 Testing was continued at each beam voltage until 
equilibrium was reached. Equilibrium.was defined as 
that time when minimal changes in surface voltages 
occurred. At the lower beam energies, reaching 
equilibrium required one to two hours. At the highest 
beam energies, up to five hours were required to 
stabilize the readings. 
0 Following each experimental run, the sample was 
"decharged" by gradually reducing the electron-beam 
energy while maintaining the leakage current slightly 
positive. This procedure resulted in a decharging rate 
of approximately 5 to 10 V / s  until the surface voltage 
reached -4.5. At this point the rate dropped to 1 V / s .  
This process generally reduced the surface voltage to 
zero in one to three hours for tests in which the beam 
energy w a s  (8 kV. For t e s t s  >8 kV, a residual surface 
voltage of -100 to -200 V remained that could only be 
removed by exposing the sample briefly to air. 
0 Tests were always run with beam energies in ascending 
order (i.e., 2, 4, 6, 8, 10, 12, and 14 kV). 
The desired current density for conducting these tests was 
3 pA/m2. 
However, the extremely long times to reach equilibrium (see 
Section 2) led us to question the Faraday cup measurement system. 
Subsequent recalibration of this system resulted in the 
determination that an error did exist in the reading and that 
this error varied with beam energies. Hence, the tests were not 
run at the same initial current density, but at values listed 
with the data. 
This value was set prior to the start of each test. 
2.2.2 Experimental Results 
2.2.2.1 Data 
The data reported in this section was obtained from a 
continuous series of runs lasting over a period of 33.5 h. The 
test procedures outlined previously were followed (i.e., tests 
2 0  
were run with increasing beam energies and the sample was 
decharged between runs). 
The maximum surface voltage reading and leakage current as a 
function of test time, along with the transient surface voltage 
profiles, are shown in Figures 10 through 23 and are summarized 
in Table 1 for the various beam energies. While the data for the 
leakage currents were obtained every 36 s ,  only data points three 
minutes apart were used for the figures. This was an arbitrary 
choice to keep the plots readable. The maximum surface voltage 
plots represent all of the TREK probe sweeps. The surface 
voltage profiles given are a representative grouping to 
illustrate the general behavior. 
The 14 keV beam energy test produced what appears to be 
reasonable surface voltage data, but the leakage currents 
recorded by the computer were random signals over much of the 
test period (see Figure 2 2 ) .  Since all other currents recorded 
were intelligible, it is assumed that the Kapton surface 
experienced an almost continuous series of microdischarges which 
generated sufficient noise to cause the computer to record the 
random signals. In other words, the computer experienced a 
spacecraft charging anomaly. 
Another test was run with the beam energy at 1 keV, but the 
gun parameters drifted too much to give reasonable transient 
data. The only reliable result from this test is that the peak 
surface voltage, at equilibrium, remained negative at a value of 
about -20 V. 
The other currents obtained in this test were recorded and 
screened as part of the data review. Since these currents do not 
influence the conclusions drawn from the tests, they have not 
been plotted. 
2.2.2.2 Discussion 
From the data that were obtained in these tests there are 
several areas that warrant further discussion. 
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0 Equilibration Time. At the current densities used in 
these tests, it required 2 to 5 h to reach equilibrium 
surface potentials. When the current density for a 
2-keV beam energy test was inadvertently increased by a 
factor of five, the charging rate also increased by 
about the same amount (see Figure 24 for the ccjmparison 
of these two surface voltage transients). Yet, when 
this data is compared to data taken at the NASA Lewis 
facility on Kapton under 10 pA/m2 current densities, 
there is a discrepancy: the Lewis sample charges to 
equilibrium in under 10 min. This implies that the 
sample tested here under low beam current densities 
should have reached equilibrium in 1 to 2 h. This 
question of different charging rates is discussed 
further in Section 3. 
0 Leakage Currents. The leakage current data exhibits the 
characteristics of a capacitor being charged, as 
expected. In the 2-kV beam tests (Figure l o ) ,  there is 
considerable oscillation in the data as the test is 
initiated. The data shown in Figure 10 (in which the 
points correspond to 3-min. intervals) show this 
oscillation clearly. We believe this is due to 
difficulty with gun operations at low beam voltages. 
For all tests above the 2-kV level, the leakage current data 
show evidence that arcing occurred. The characteristics observed 
show an abrupt change in the current curve followed by a 
resumption of the charging curve. There does not seem to be a 
consistent pattern for the discharges - except that by the time 
that the 14-keV beam energy test was conducted, the intensity of 
the noise disrupted the operation of the digital data acquisition 
system. 
Some of the discharge pulses indicated in the leakage current 
occur at the same time as the TREK probe sweep. This could 
indicate that the probe is initiating the discharge. However, 
the probe head is biased to the surface potential that it is 
reading so that no electric field will exist between them (the 
probe electronics responds faster than the probe sweep rate). 
0 Surface voltages. When the maximum surface voltage 
readings are plotted as a function of test times, they 
form a fairly uniform family of curves (see Figure 25). 
The exception to this was the 6-keV beam energy test in 
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which the initial electron current density was set too 
high (by a factor of 100) for the first several seconds. 
This figure also shows that for beam energies >8 keV, 
when the sample could not be completely decharged, there 
is a different initial charging rate. This effect seems 
to disappear after the first minute of testing. 
The surface voltage profiles that were taken (Figures 11, 13, 
15, 17, 19, 21, and 23) in the first few minutes of testing 
(8-keV beam energy tests and above) show an initial uniform 
charging of the Kapton surface in agreement with the beam 
uniformity found in the calibration runs. As the surface 
charging continues, a pattern of peaks and valleys arises. This 
could be because of nonuniformities in the surface or partial 
discharges. In equilibrium, the voltage profiles are more 
uniform, with a characteristic voltage fall-off at the edges. 
This fall-off is due primarily to beam spreading, resulting in 
electrons striking t h e  surface at angles, increasing the 
secondary yields and lowering the surface voltage at the edges. 
When plotting equilibrium maximum surface voltage against 
beam energy, we normally expect a linear relationship, indicating 
a zero surface voltage at a beam voltage corresponding to the 
energy required for an incident electron b produce a unity 
yield.” As shown in Figure 26, there is a linear relationship 
between the beam voltages and the equilibrium surface potentials. 
Extrapolating the curve to zero surface voltage indicates 
that unity total yield for Kapton occurs at a beam energy of 
-1300 eV. However, data from experiments for 1-keV beam energy 
show the surface still negative at about -18 V. Furthermore, the 
data from other experiments l 3 , l 7  on the total yield from Kapton 
indicates that beam voltages of 750 to 950 V produce unity 
yields. Therefore, it is evident that something is happening 
with Kapton samples under low beam energy irradiation that is not 
completely understood. This should be studied further. 
At beam energies >15 keV, the equilibrium surface voltage as 
a function of beam energy again deviates from linearity. We 
interpret this as resulting from the surface voltage increasing 
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to a point where leakage currents start to become a dominant 
factor in the charging of Kapton (i.e., charging has changed from 
an emission-limited to a leakage-current-limited process). 18 
Comparing the data to other tests conducted at HRL under Internal 
Research and Development tasks shows zhat this deviation could be 
due to leakage currents. 
In Figure 27, the effect of electrically floating the 
substrate is shown. There is a linear relationship throughout 
the 2- to 14-keV beam energy test conditions. The only 
difference is that there are no leakage currents. Furthermore, 
when the leakage currents are increased by decreasing the sample 
thickness, the linear region can be eliminated, as shown in 
Figure 28, which compares the 5 mil Kapton behavior to that of 
0.25-mil Kapton. Hence, it is conceivable that leakage currents 
through the Kapton could produce the observed deviation from 
linearity. Unfortunately, experimental data obtained do not 
substantiate this. The data show that the leakage currents 
decrease, and the resulting conductivity computed for high beam 
energies decreases as well (see subsection 3.1). There is no 
reasonable explanation for this behavior at this time. 
2.2.3 Properties Derived from the Data 
The experimental data can be used to derive certain material 
properties which can be compared to those used by NASCAP. The 
properties considered here are conductivity, dielectric constant, 
and total electron yield (i.e., backscattered electrons plus 
secondary electrons). 
2.2.3.1 Conductivity 
From the equilibrium-surface-voltage data and leakage-current 
data an effective resistance can be computed. This value 
includes both bulk and surface resistance values, which are 
difficult to separate. Given the sample geometry, it is possible 
to convert this resistance into an effective value of 
conductivity by use of: 
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d 1  d I, 
where d is the Kapton thickness (1.27 x m), A, is the Kapton 
area (0.02 m2), I, is the measured leakage current, and V, is the 
average surface voltage. 
The problem with this computation is determining the average 
equilibrium surface potential for the Kapton. A s  shown on the 
TREK probe profiles, the surface is not at a uniform potential in 
the direction of the probe sweep, nor is it expected to be 
uniform in the direction perpendicular to the sweep. To 
circumvent this problem, the equilibrium surface voltage trace 
was integrated to give an average surface potential in the swept 
direction (see Figure 29). The percentage change between this 
average value and the maximum measured surface voltage was 
doubled and subtracted from the maximum value to compensate for 
the nonuniform surface voltage in the direction perpendicular to 
the probe sweep. This assumption of the same voltage fall-off at 
all edges is, at best, a rough approximation, but it is better 
than ignoring the edge voltages. 
The resulting values of the Kapton conductivity are shown in 
Table 1. A s  stated previously, the 14-keV beam energy test 
resulted in noise in the leakage current data. Therefore, 
material-property values cannot be derived from this test. 
The unexpected result immediately obvious from this 
computation is that the effective conductivity decreases with 
increasing surface voltages. We anticipated that conductivity 
would increase. The variation of effective conductivity with 
sample average surface voltage is shown in Figure 30. A s  can be 
seen, a 2-keV beam energy results in the highest value of 
conductivity, whereas the other results are grouped within a 
factor of three. 
There are three possible explanations for this trend. First, 
the effect is real and is a result of the exceptionally long 
period of time that the sample was under vacuum and electrical 
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stress. In a series of tests conducted at Stanford Research 
Institute, both factors were cited as resulting in decreasing 
conductivity in Kapton. It was found that conduction in Kapton 
was primarily an ionic process and was initially due to adsorbed 
ions which could be depleted, thus changing the material 
conductivity. Hours under vacuum were required to stabilize the 
material conductivity at what was believed to be a more 
characteristic value. 
The second possible explanation is that the effective value 
is really the result of a combined bulk- and surface-conductivity 
term. With the wrap-around test sample, it is possible to have 
the surface conductivity change in such a way to cause an overall 
decreasing conductivity. For example, for this parallel 
resistance network, if the bulk resistance is constant while the 
surface resistance increases, then the overall resistance also 
increases. This produces a decreasing effective conductivity. 
The third possibility is that the Kapton sample lifted from 
the mounting plate. If so, the leakage current would have to 
flow through a diminished area of contact between the sample and 
mounting plate which could decrease the current and increase 
effective resistance. This would result in decreasing 
conductivitl-. At this time there is no way to determine what 
occurred during the test. 
The average value of effective total conductivity obtained 
here is 5 . 7  x S/m. This should be compared to NASCAP 
values of 3 x S/m for bulk conductivity and 2 to 7.5 x 
1OI2 fl for surface resistivity. 
a combined surface and bulk conductivity, and using a bulk 
resistance value computed from the NASCAP conductivity, the 
experimental conductivity value could be obtained if the surface 
parallel resistance was about 2 x lo '*  n .  This agrees with the 
NASCAP surface resistance value. 
Assuming the experiment Geasured 
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2.2.3.2 Dielectric Constant 
The dielectric constant for Kapton can be computed from a 
parallel plate capacitor relationship and the experimental data 
or 
where d is the sample thickness (1.27 x lo- '  m), A, is the sample 
area (0.02 m2), E, is a constant ( 8 . 8 5  x F/m), Q is the 
charge stored in the dielectric, and V is the voltage across the 
dielectric. 
The voltage across the dielectric is the average equilibrium 
surface voltage value for each test. For reasons given 
previously, the 14-keV beam energy data are not considered here. 
The charge stored on the dielectric is obtained from the 
leakage current data. Since this current measurement includes 
discharge transients and conduction currents through the 
dielectric and the charge storage, corrections must be made to 
compensate for these effects. First, the conduction currents are 
calculated using the equilibrium resistance value and the surface 
voltage valQes at specific test times. A curve is then flared 
through these data points [see Figure 31(a)]. 
This is accomplished by flaring a curve using the initial-slope 
data points and the final current values. This technique can 
introduce a considerable tolerance for adjustment in computing 
the charge stored. The procedure is to draw the curve, after 
which it would not be changed. We assumed that the average of 
the six readings would be reasonable. The charge is computed as 
the area between the two curves. 
Accounting for the discharge transients is more difficult. 
The computed charge and dielectric constants for each of the 
six test conditions are given in Table 1. Although the spread is 
large, the average value is 3 . 5 .  This is the value originally 
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used in NASCAP, but higher than the value of 3.0 quoted f o r  work 
at the Lewis Research Center." 
The technique of integrating the leakage current transients 
to obtain charge can be used to evaluate the discharge transient 
conditions [see Figure 31(b)]. The area between the discharge 
transient and a curve fitted to the expected shape (without a 
discharge) can be integrated to obtain a measure of the charge 
lost in the discharge. Using this delta charge ( B Q )  and the 
parallel-plate-capacitor relationship, the change in surface 
voltage can be computed. For the example shown in Figure 31(b), 
we found that 
t 
1 
I 
I 
I 
I 
I 
t 
B Q  = 0 .7  pC and 
bv, = 140 V. 
The voltage change given here is over the whole surface. If 
the discharge were localized, then the change in voltage would be 
considerably larger. If this type of discharge occurred in a 
nominal discharge transient time of -200 ns, then the current 
transient would be -3.5 A .  Hence, it would be a little-bang 
category of discharge which are now believed to be the principal 
cause of charging-induced anomalies.lg 
2.2.3.3 Total Yield 
The basic relationship that governs the charging of surfaces 
is a current balance. If charging a sample in the dark using 
only electrons is considered, then the relationship is * 
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where 
(1,) i n is the incident electron current to the sample, 
1 
I 
(1,) s e c  is the secondary emission current from the sample 
surf ace, 
(1,) 8 S is the backscattered current from the sample surface, 
is the current conducted through the sample, 
is the transient current stored in the sample, 
(1,) t y 
ER is the total yield of surface (secondary and 
is the sum of the secondary of backscatter currents, 
backscatter yields), 
AV is the voltage across the sample, 
R is the resistance through the sample, 
C is the sample capacitance, and 
t is the time. 
If the incident current as a function of time were known, 
then it would be possible to compute the total yield coefficient 
for comparison to other data. However, complications arise when 
considering charging of dielectrics. A s  dielectrics are charged 
by monoenergetic electron beams, the electron energy of the 
impinging particles (i.e., the difference between the beam energy 
and the surface voltage) changes. In addition, the beam is 
spread so that electrons strike the region away from the center 
at various angles, causing the pronounced edge voltage 
distributions observed in the surface voltage profiles. A 
sophisticated computer program is required to treat this problem 
accurately. 
4 
However, a value for the total yield can be approximated by 
making simplifying assumptions. First, we consider only 
equilibrium conditions to eliminate the stored-current term. 
Next we consider only that small area in the nominal center of 
1 
D 
I 
I 
B 
E 
I 
I 
I 
I 
5 2  
the sample which will not have electron-beam spreading (all 
electrons will be assumed to have normal incidence here). 
Finally, cylindrical-probe theory2' is assumed valid to compute 
the equilibrium-current density from the initial-current density. 
This last assumption has been used to successfully model the 
charging behavior of Teflon.21 The resulting equations are 
where area is cancelled out, resistance is converted to a 
conductivity term, and current density replaces the incident 
current; 
and 
alVsl 
E R =  1 -  -Ij e Id' 
- 'B-'s 
je - 'eo vB J 
where 
Lo is the initial electron current density, 
j I initial (The initial electron current density is inferred 
from measurements by a technique described 
earlier). 
VB is the beam voltage, 
v s  is the maximum measured surface voltage for each 
test, and 
0 is the actual conductivity obtained in each test 
All information needed to evaluate the total yield is 
available from the experiment. The resulting yields are 
summarized in Table 1. 
53 
The yield data obtained by this technique covers only a 
limited region of the overall curve. The results can be compared 
to the data that NASCAP uses1’ and to results obtained on the 
total yield of Kapton obtained at Case-Western Reserve 
University.” This comparisor, is given in Figure 32. It is 
interesting to note that there is a discrepancy between the two 
yield curves. The maximum yield is different and the second 
cross-over for unity yield is about 200 V apart. The data 
obtained in these tests tend to favor the NASCAP curve. The 
total yield data are important for predicting behavior in 
charged-particle environments, and the discrepancy should be 
resolved. 
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SECTION 3 
ANALYTICAL INVESTIGATION 
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3.1 NASCAP MODELING 
3.1.1 Overview 
The NASA Charging Analyzer Program (NASCAP) computer code 
was developed specifically for the AF/NASA Spacecraft Charging 
Investigation to predict the response of 3-dimensional objects to 
environmental fluxes. The code flowchart is shown in Figure 33. 
This code has been described in the literature and its 
capabilities will only be summarized here.*"@ NASCAP is a 
quasi-static computational code; that is, it assumes that 
currents are functions of environmental parameters, electrostatic 
potentials and magnetostatic fields. It is capable of analyzing 
the charging behavior of arbitrarily shaped objects covered with 
various materials as a function of time of exposure to 
environmental fluxes. It can accept either a space-environment 
definition or ground-simulation fluxes. 
The object must be defined within an inner grid of 17x17~33 
points. Furthermore, the object must be described by rectangular 
parallelipipeds or sections of parallellipipeds; curved surfaces 
are not allowed. To minimize computer storage and to speed 
computations, the code uses a system of nested grids, i.e., the 
17x17~33 point grid surrounding the inner grid has dimensions 
twice as big as the inner grid, and so forth. This means that 
the farther away the object, the coarser the gridding. .z 
For the study conducted here, the ground-simulation mode of 
code operation was used. The version of the code used required 
that the tank walls be located properly and grounded. The 
electron gun must be located at the center of the X-Y mesh and 
the electrons can only be accelerated in the 2 direction. These 
constraints have been relaxed in more recent versions of the 
code. 
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The code output includes a variety of graphic and printed 
data displays. Graphic output includes the material and 
perspective object definition plots, potential contour plots and 
particle trajectory plots. The printed output includes a summary 
of all cell voltages, listing of currents to specified surfaces 
and compilation of electric fields. 
3.1.2 NASCAP Model of Experimental System 
Two models of the experimental arrangement were generated, 
which are illustrated in Figures 34 and 35. The first model 
included the main chamber walls and located the electron gun at 
the centerline of the inner grid (see Figure 34). The sample was 
located at the 2 = 27 plane as shown. This model did not attempt 
to model the sample section chamber (shown in dashed lines) and 
was used to predict initial voltage profiles and surface voltages 
using the default material properties (see Table 2). 
These initial NASCAP predictions were reviewed to determine 
what effect the tank walls would have on the voltage profiles. 
A s  shown in Figures 36 through 39, the main facility walls do not 
influence the voltage profiles in space. However, when the 
smaller chamber walls are drawn in (dashed lines in the figures), 
then it is obvious that these walls (which are at ground 
potential) would constrain the voltage build-up in space around 
the sample and could influence the charging characteristics. The 
sample area for conducting the tests w a s  reduced f r o m  the 0.07 m 2  
indicated in t h e  NASCAP runs to the 0.02 m 2  area actually used in 
the experiments. .a 
The second model was generated at the Lewis Research Center. 
This model simply Located the electron gun and sample within the 
inner grid and did not attempt to model any walls (see 
Figure 35). This model used the current Kapton properties (see 
(Table 2) and was used to evaluate a predicted charging rate f o r  
comparison to the experimental value. 
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TABLE 2.  Material Properties Used in NASCAP. 
Material Property 
Dielectric Constant 
Thickness (M) 
Bulk Conductivity (S/m) 
Atomic Number 
Electron Energy for 
Maximum Yield (keV) 
Maximum Secondary Yield 
Range (nm) Values Used to 
Exponent Compute Sec- 
Range ( n m )  o n d a r y  Yield 
Exponent Curves for 
Electrons 
Secondary Yield for 1-keV 
Protons 
Maximum dE/dx for Protons 
(keV/m) 
Photoemission Current 
Density (A/m2) 
Surface Resistivity (n) 
~~ 
Model 
#I 
3.5 
1 . 2 7 ~ 1 0 - ~  
iX1o- 
5 
0.150 
2.1 
1.4 
70 
~ ~ 1 0 -  
1x1016 
Values 
Model 
#Z 
3.5 
1. 27x104 
1x10-'6 
5 
0.150 
2.1 
7.15 
0.6 
31.2 
1.77 
0.455 
140 
~ ~ 1 0 -  
1x10' 
Current 
(As of 2/83) 
3.0 
1. 27x104 
3x10- ' 
5 
0.150 
2.1 
7.15 
0.6 
31.21 
1.77 
0.455 
140 
~ ~ 1 0 -  
8 
I 
6 0  
33 
31 
29 
27 
25 
23 
21 
19 
17 
X 
N 15 
a 
13 
11  
9 
7 
5 
3 
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3.1.3 Comparison Between NASCAP Predictions 
and Experimental Data 
With the experimentally obtained material parameters in such 
good agreement with those used by NASCAP, it was anticipated that 
the predictions should agree very well with the data. When a 
comparison between the measured and predicted equilibrium 
voltages is made, the agreement is indeed very good (see 
Table 3 ) .  When the predicted surface-voltage profile is compared 
with experimental data, the agreement is also excellent (see 
Figure 40). NASCAP has a finite grid resolution which produces 
the voltage steps shown. 
However, the transient data predictions do not agree with 
the experimental charging rate data. With the first model, the 
NASCAP runs were made with an initial current density set at the 
center of the sample of 11 pA/m2. 
predicted charging rate. As a matter of fact, the predicted 
charging rate fo r  the 2-keV beam conditions was faster than that 
obtained experimentally for the 15-pA/m2 current density data 
(Figure 41). The second model computer run was made specifically 
to look at this charging rate question. This run used an initial 
current density of 2.2 pA/m2 and still predicted charging rates 
faster than the experimental data (see Figure 41). If it is 
assumed that the experimentally measured data were obtained with 
an initial current density that was a factor of 3.5 too high, and 
that the data shifted in time (as was done to data shown in 
Figure 15), then there is much better agreement between data and 
predictions. This suggested that a further look at the initial 
current density would be appropriate. 
This produced a very rapid 
3.2 EVALUATION OF INITIAL EXPERIMENTAL CURRENT DENSITY 
The evaluation of the experimental initial current density 
was conducted by considering again only the behavior at the 
center of the sample. This avoided having to deal with beam 
spreading. The concept used here was to use the first four 
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Table 3. Comparison of Equilibrium Experimental Surface 
Voltages to NASCAP Predictions. 
Beam 
Voltage 
kV 
1 
2 
6 
10 
14 
Surf ace 
Voltages 
(Measured) 
V 
-18 
-745 
-4672 
-8430 
-11,430 
Surf ace 
Voltages 
(Predicted), 
V 
0 
-882 
-4750 
-8600 
-12,400 
I 
8 
1 
Difference, 
% 
18.4 
1.7 
2.0 
8.5 
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surface-voltage data to compute an incident current density at 
each point and then attempt to extrapolate back to zero time to 
obtain an indication of an initial current density. The basic 
relationship used was 
- OVsl C dV 
- eRje + -+ A  dt je d 
or 
- 1 OVs 1 nEo 
' e - 1 - E  R d +d At 
where e R  is the total yield coefficient (function of VB-Vsl), o 
is the experimentally obtained conductivity (S/m), At is the time 
interval considered, AV is the voltage difference in that time 
interval t, d is the sample thickness (1.27xlO-' m), K. i s  the 
dielectric constant (3.5), and e o  is a constant (8.85~10-l~ F/m). 
The value for the total yield as a function of impact energy was 
obtained from the NASCAP total yield data. The results of this 
computation for the 4-, 8-, 10- and 12-keV beam conditions is 
tabulated in Table 4 and plotted in Figure 42. 
The results shown in Figure 42 are quite interesting in that 
there appears to be two different types of behavior. In the 4- 
and 8-keV beam tests, voltage sweeps were not taken until the 
test was underway for about 110 s .  These data indicate that the 
effective initial electron current density would be about 
0.7 pA/m2 instead of the value of about 3 pA/mZ originally 
reported from the Faraday cup measurements at the start of each 
test. Subsequent experimental measurements confirmed that the 
probe measurements were in fact erroneous by the value indicated. 
The 10- and 12-keV beam data had surface-voltage probe 
sweeps initiated within the first half-minute after the test 
started. These data show that, while the initial setting could 
be high within the first minute of operation, the current density 
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fell off to a value of -0.7 ,uA/m2. 
is not known. It could be due to the charging of some material 
in the chamber, or to operator error. Whatever the reason, at 
the very low current densities indicated, the predicted charging 
rates - shifted to account for the changed incident current 
density - agree with the experimental results (see Figure 41). 
The reason f o r  this behavior 
d 
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SECTION 4 
SUMMARY AND RECOMMENDATIONS 
An investigation has been conducted to make measurements of 
the effective charging properties of Kapton samples exposed to 
various environmental fluxes. The goal of this investigation was 
to compare these properties with those used by the NASA Charging 
Analyzer Program (NASCAP) and suggest whether changes are 
required. In this study, a 5-mil aluminized Kapton sample, with 
edges wrapped around the grounded substrate, was evaluated when 
exposed to a monoenergetic electron beam at 1-kV, 2-kV, 4-kV, 
6-kV, 10-kV, 12-kV, and 14-kV accelerator potentials. All tests 
were run with normal electron incidence and at a few pA/cm2 
current densities. The experimental results have been compared 
to NASCAP predictions. 
In the experimental investigation the low electron current 
densities produced very long charging times - hours to reach 
equilibrium. Test durations of these lengths of time have not 
been used in the past. The results of such low current density 
tests are: 
0 The transition from emission-dominated charging to 
leakage-dominated charging is apparent at beam voltages 
above 8 keV. This condition arises when the leakage 
current becomes an appreciable fraction of the incident 
electron current. 
Discharges occurred at low beam energies. 
The surface-voltage characteristics obtained agreed with 
expectations. The charging to equilibrium took progressively 
longer times as the beam voltages were increased, and the 
profiles across the sample showed the uniform potential in the 
center region with characteristic fall-off at the edges. 
A value for the effective conductivity and dielectric 
constant and estimates of the total yield over a limited impact 
energy range can be obtained from the experimental data for 
7 3  
comparison to properties used by NASCAP. 
obtained for the effective conductivity was 5 . 7 ~ 1 0 - l ~  S/m. It 
should be compared to the 3~10-l~ S / m  bulk conductivity value 
used by NASCAP. The apparent trend obtained in the experiment in 
which the conductivity decreased with increasing voltage 
gradients is not as expected from the literature on Kapton, and 
other experimental results and should be evaluated further. 
The average value 
The dielectric constant was obtained from the experimental 
data by integrating the transient leakage current curve to obtain 
the charge stored and by computing the constant, assuming a 
parallel-plate-capacitor relationship. The average value 
obtained was n e x p  = 3.5 which should be compared to the 
literature value of n = 3.5 and the NASCAP value of n = 3.0. 
This agreement is reasonable considering the approximations that 
were made to flare a curve through the leakage current data which 
was responding to discharges. 
The total yield was calculated from equilibrium data for 
impact energies between 0.98 kV < IV,-V,I < 1.70 kV. The yields 
obtained agreed with the NASCAP data in preference to the data 
obtained by Case Western Reserve University tests. The 
discrepancy between these sets of data should be evaluated. 
The NASCAP computer simulations obtained as part of this 
study generated predictions that agreed with the equilibrium 
surface voltages and the surface voltage profiles. However, 
there were significant deviations between the predicted and 
actual charging rates. This is surprising considering the* 
reasonable agreement obtained for the dielectric constant and 
total yields (i.e., those properties that should control charging 
rates). The deviation between the rates is about a factor of 
four. Subsequent experimental investigation has shown that this 
error resulted from improper installation of the Faraday-cup 
probe. 
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